In this study, selected heavy metals resistant heterotrophic bacteria isolated from soil samples at the Windmill Islands region, Wilkes Land (East Antarctica), were character− ized. Phylogenetic analysis revealed affiliation of isolates to genera Bacillus, Lysini− bacillus, Micrococcus and Stenotrophomonas. The strains were found to be psychrotolerant and halotolerant, able to tolerate up to 10% NaCl in the growth medium. The Minimum In− hibitory Concentration of the seven heavy metals Cr, Cu, Ni, Co, Cd, Zn, and Pb was deter− mined in solid media for each bacterial strain. Gram−positive Vi−2 strain and Gram−negative Vi−4 strain showed highest multiply heavy metals resistance, and Vi−3 and Vi−4 strains showed multi−antibiotic resistance to more than a half of the 13 used antibiotics. Plasmids were detected only in Gram−negative Vi−4 strain. The bacteria were able to produce differ− ent hydrolytic enzymes including industrially important proteases, xylanases, cellulases, and b−glucosidases. High heavy metals resistance of the Antarctic bacteria suggests their potential application for wastewater treatment in cold and temperate climates. Highly sensi− tive to Cd and Co ions Vi−1, Vi−5 and Vi−7 strains would be promising for developing biosensors to detect these most toxic heavy metals in environmental samples.
Introduction
Although the extreme environmental conditions in Antarctica such as low tem− perature, high salinity, osmotic stress, and high doses of UV−radiation, various mi− croorganisms have colonized diverse habitats such as lakes, rivers, streams, rocks and soils (Cavicchioli et al. 2002; Cowan and Tow 2004; Margesin and Miteva 2011; Gesheva and Negoita 2012; Vasileva−Tonkova et al. 2014) . Among them, bacteria dominate in many terrestrial Antarctic ecosystems and play essential role in food chains, biogeochemical cycles and mineralization of pollutants Walker 1993, 1995; Aislabie et al. 2006 Aislabie et al. , 2009 Franzmann et al. 1997; Tindall 2004; Walker 2005; Tomova et al. 2014; Tytgat et al. 2014; Vasileva−Tonkova and Gesheva 2004) .
Psychrophilic and psychrotolerant microorganisms have developed various adaptations to extreme environments through physiological and ecological mecha− nisms (Russell 1998; De Maayer et al. 2014) . Enzymes are an essential target for adaptation of microorganisms to extreme environments with considerable poten− tial for industrial application (Feller and Gerday 2003; Cavicchioli et al. 2011; Kumar et al. 2011; Gesheva and Vasileva−Tonkova 2012; Loperena et al. 2012; Tropeano et al. 2012) . Moreover, Antarctic bacteria may develop ecologically im− portant capabilities in response to the impact of different stresses such as halo− tolerance, metal tolerance and antibiotic resistance, which provide them with se− lective advantages. Reduced growth rates of organisms in Antarctica promote high concentrations of potential contaminants in Antarctic biota (Mangano et al. 2014) . Bacteria are generally the first organisms affected by the increased presence of toxic compounds in the Antarctic environment including antibiotics and heavy metals (Lo Giudice et al. 2013) . Investigation of microbial ecophysiology repre− sents an essential tool for assessing functional diversity and adaptive strategies of microbial communities (Yergeau and Kowalchuk 2008; Vasileva−Tonkova et al. 2014) .
Although numerous studies on microbial communities colonizing Antarctica, our knowledge on biodiversity, ecology, physiology, genetics, and biosynthetic potential of microbial groups in this extreme environment is still limited. Data about the resistance of the Antarctic bacteria towards heavy metals and antibiotics are still scarce and refer mainly to bacteria in Antarctic seawater (De Souza et al. 2006) . A better understanding of prokaryotic diversity in Antarctica will contrib− ute to our knowledge of biogeochemical processes in this extreme region and is a prerequisite for possible biotechnological exploitation of the resident microbiota. In the present study, selected bacterial isolates from the Windmill Islands region (East Antarctica) were characterized in more detail for their psychro− and halo− tolerance, antibiotic and heavy metals resistance, and hydrolytic enzymes produc− tion. Highly resistant to heavy metals bacterial strains producers of promising cold tolerant enzymes aims to be detected that could be valuable resource for ecological and biotechnological applications.
Materials and methods
Microorganisms.-Bacterial strains used in the present study were isolated from soil samples taken in the Windmill Islands region, East Antarctica (Gesheva 2010) : fellfield (raw mineral soil) near Casey Station, Wilkes Land, and ornitho− genic soil on Dewart Island, Frazier Islands (Fig. 1) . The soil samples were col− lected from the surface to a depth of 3 cm, in sterile bags, and kept at 4°C during their transport and storage at the Institute of Microbiology in Sofia (Bulgaria). Bacterial strains were isolated from the soil samples on Nutrient agar (NA) and Kuster agar (KA) media. Suspensions of pure cultures mixed with 30% (v/v) glyc− erol were stored at −80°C.
Molecular identification.-Phylogenetic affiliation of the Antarctic bacteria was determined using 16S rDNA gene sequence analysis. Bacterial genomic DNA was extracted from the bacterial cells using GenElute Bacterial Genomic DNA kit (Sigma−Aldrich) in accordance with the manufacturer's instructions. The 16S rRNA gene was amplified from the extracted DNA using universal bacterial prim− ers 8F and 1492R (Weisburg et al. 1991) . PCR was performed as described in our previous work (Tomova et al. 2013) . The obtained PCR products were purified and sequenced in Macrogen Inc. (South Korea). The DNA sequences were ana− lyzed for similarities using BLAST program. They were not submitted to a data− base due to the lack of novelty (they showed less than 3% divergence with the clos− est phylogenetic neighbor). Multiple sequence alignment and phylogenetic tree construction were done using MEGA software version 4.0 (Tamura et al. 2007 ).
The effect of temperature and NaCl.-The growth of the Antarctic bacteria was monitored in nutrient broth (NB) medium at a temperature range 0-37°C. Af− ter inoculation, the strains were cultivated for 2 days at 10, 15, 20, 25, 30 and 37°C, and 5 days at 4°C. Salt tolerance of bacterial strains was tested in NB containing 5% and 10% (w/v) NaCl. Growth of the strains was determined by measuring the optical density at 570 nm (OD 570 ).
Screening for production of hydrolytic enzymes.-The Antarctic bacterial isolates were screened for production of hydrolytic enzymes by the agar diffusion method using specific substrates. The basal mineral agar medium (pH 7.0) con− tained (%): KH 2 PO 4 0.1, (NH 4 ) 2 SO 4 0.5, MgSO 4 .7H 2 O 0.01, NaCl 0.01, and agar 2.0. Inoculated plates were incubated for 3−10 days at 18 ± 2°C. The growth of cul− tures, zones of clearing around the colonies or color−diffusion zones on respective specific media were used as an indication of the presence of the relevant enzyme ac− tivity. Protease (PRO) was determined using 30% (v/v) (Karasová et al. 2002) .
Antibiotic susceptibility test.-The Antarctic bacteria were checked for anti− biotic resistance with the following antibiotics: ciprofloxacin (Cp, 5 μg), genta− micin (G, 10 μg), amikacin (Am, 30 μg), tobramycin (Tb, 10 μg), novobiocin (Nb, 5μg), lincomycin (L, 15 μg), tetracycline (T, 30 μg), ampicillin (A, 10 μg), chloramphenicol (C, 30 μg), vancomycin (V, 30 mg), erythromycin (E, 15 μg), kanamycin (K, 30 μg), and cefazolin (Cfz, 30 μg).
Antibiotic susceptibility of the strains was assayed following the Kirby−Bauer disc diffusion method (Bauer et al. 1969 ) on peptone−yeast extract agar (PYA) me− dium. Aliquots of each bacterial suspension (grown exponentially in NB) were spread on the surface of PYA plates. Antibiotic discs (BUL BIO, NCIPD, Ltd, So− fia, Bulgaria) impregnated with known amounts of antibiotics were placed asepti− cally on the surface of the inoculated plates and incubated at 18 ± 2°C for 24 h. Af− ter incubation, the organisms were classified as sensitive or resistant to an antibi− otic according to the diameter of inhibition zones (including the disc) given in standard antibiotic disc chart.
Heavy metals resistance tests.-The Antarctic bacteria were screened for their heavy metals resistance patterns using the agar well diffusion method (Hassen et al. 1998) . Seven heavy metals: Cr, Cu, Ni, Co, Cd, Zn, and Pb were used as salts: K 2 Cr 2 O 7 , CuSO 4 ·5H 2 O, NiCl 2 , CoCl 2 ·6H 2 O, CdSO 4 ·8H 2 O, ZnSO 4 ·7H 2 O and Pb(CH 3 COO) 2 ·3H 2 O, respectively. In a preliminary test, 0.05% (w/v) metal salt so− lutions were prepared in distilled water and sterilized in boiling water bath for 20 min. Sterile PYA plates were prepared and wells (7 mm in diameter) were punched by sterile borer. After inoculation of the plates with the indicator cultures (exponen− tially grown on NA), 100 μl of each metal salts solution were added into the wells. After incubation of the plates at 18-20°C for 48 h, the inhibition (sterile) zones were measured as an indicator of resistance/sensitivity. Zones were recorded as the dis− tance from the edge of the zone to the edge of the well. Isolates showing clearance zone of one mm or less were considered as resistant strains (Rani et al. 2010) .
The Minimum Inhibitory Concentration (MIC) of the Antarctic bacteria was determined by gradually increasing or decreasing the heavy metals concentration at the following cationic concentrations (mM): Cu, 0.2 to 32; Cd, 0.14 to 14; Ni, 3.8 to 38; Cr, 1.4 to 17; Zn, 0.2 to 17; Co, 0.2 to 21; Pb, 1.3 to 26. The MIC value was defined as the lowest concentration of the metal ion at which a visible clear zone of one−two mm around the well was observed after incubation of the plates at 18-20°C for 48 h (Sabdono et al. 2012 ).
Plasmid profiling.-Plasmid DNA was extracted from the bacterial cultures grown in NB using the commercial GenElute Plasmid Midiprep Kit (Sigma− Aldrich) in accordance with manufacturer's instructions. Agarose gel electropho− resis was performed in horizontal slab gel of 0.7% agarose submerged in Tris ace− tate running buffer for at 70 V for 2 h. Plasmid DNA bands were stained with ethidium bromide (0.5 μg/ml) for 15 min and visualized by UV transilluminator. Approximate sizes of plasmids were calculated from logarithmic plots against ref− erence plasmids of DNA loader supercoiled (SIGMA D−5292).
Results
Molecular identification.-BLAST analysis showed affiliation of the se− quences of the Antarctic strains with the sequences from the database with high percent of similarity (99-100%). Phylogenetic analysis based on 16S rRNA gene sequencing revealed affiliation of the bacterial isolates to the phyla Gamma− proteobacteria (genus Stenotrophomonas), Firmicutes (genera Bacillus and Lysinibacillus) and Actinobacteria (genus Micrococcus) ( Table 1 ). The con− structed neighbor−joining tree confirmed the phylogenetic position of the strains among their closest neighbors (Fig. 2) .
Psychro− and halotolerance.-We found that the tested Antarctic bacteria are psychrotolerant (psychrotrophs) able to grow at both +4°C and above 20°C (Table  1) . Four strains showed highest growth rate at 25-30°C, and three strains -at 598 Iva Tomova et al.
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Bacillus subtilis BD18-B23 (HF584948.1)
Vi-7
Lysinibacillus fusiformis B (KF916675. 37°C. All strains were able to tolerate up to 10% NaCl in the growth medium and can be considered moderately halotolerant.
Detection of hydrolytic enzymes production.-The Antarctic strains were screened for hydrolytic enzymes activities on solid media supplemented with spe− cific substrates (Table 2 ). The results revealed that the tested strains, except for Vi−6 strain, were able to produce at given conditions wide range of hydrolytic enzymes. Strain Vi−3 showed broadest spectrum of hydrolytic enzymes activities (seven en− zyme activities of the 15 tested) followed by strains Vi−1 (six enzyme activities), Vi−4 and Vi−5 (five enzyme activities), Vi−2 and Vi−7 (four enzyme activities). No production of any of the tested enzymes was observed by strain Vi−6. None of the studied isolates showed lipase, urease, DNAse and chitosanase activities.
Antibiotic resistance.-The susceptibility of the Antarctic bacteria was tested towards 13 antibiotics and the results are shown in found to be multi−antibiotic resistant: strain Vi−3 -to eight antibiotics, and strain Vi−4 showing resistance to six antibiotics and intermediate susceptibility to three antibiotics. Strain Vi−5 was found to be resistant to lincomycin and ampicillin, and Vi−1 and Vi−2 strains were single antibiotic resistant to lincomycin and tetracy− cline, respectively. Strains Vi−6 and Vi−7 were sensitive to all used antibiotics.
Heavy metals resistance.
-The Antarctic bacteria were tested for resistance towards seven heavy metals, and MICs for each metal ion were determined. As can be seen in Fig. 3 , bacterial strains showed a varying response to the tested heavy metals. MICs of the metal ions were determined in the range: for Cu 1.6-8.0 mM; for Zn 0.35-10.4 mM; for Ni 1.7-6.9 mM; for Cd 0.085-0.85 mM; for Co 0.42-8.5 mM; for Cr 1.4-3.4 mM, and for Pb 5.3-15.8 mM. Highest MIC values of each metal ion were determined as follows: up to 15.8 mM for Pb (strain Vi−1),
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Iva Tomova et al. 10.4 mM for Zn (strain Vi−2), 8.5 mM for Co (strains Vi−2 and Vi−4), 8.0 mM for Cu (strains Vi−3 and Vi−4), 6.9 mM for Ni (strain Vi−4), and 3.4 mM for Cr (strains Vi−2, Vi−4 and Vi−7). All tested strains were found to be resistant (MICs above 1.0 mM) to Pb, Cu, Ni and Cr ions, five strains were resistant to Zn ions, and two strains -to Co ions. All strains were sensitive to Cd ions with MICs determined below 1.0 mM (in the range 0.08-0.85 mM). Strains Vi−2 and Vi−4 showed multi− ple resistance to six metal ions followed by Vi−1, Vi−3 and Vi−6 strains with resistance to five metal ions, and Vi−5 and Vi−7 strains -to four metal ions.
Plasmid testing.-The Antarctic bacteria were tested to determine if metal/ antibiotic resistance genes are plasmid encoded. Plasmid DNA, probably encoded metal/antibiotic resistance genes, was detected and iso− lated only in Vi−4 strain: four plasmid bands with mo− lecular size 2.4, 3.2, 5.6 and 6.35 kb in Vi−4 strain were observed (Fig. 4) . The other tested strains carried no detectable plasmids although their resistance to some antibiotics and heavy metals, suggesting location of the resistance genes on chromosomes.
Discussion
In this study, we characterized selected heavy metal resistant bacterial isolates from soils in the Windmill Islands region, Wilkes Land, East Antarctica. After performing phylogenetic analysis based on 16S rRNA gene, the belonging of the strains to the phyla Gamma− proteobacteria, Firmicutes and Actinobacteria was es− tablished. These three phyla are among the most often encountered bacterial groups in Antarctica (Aislabie et al. 2006; Peeters et al. 2011) Finding that the tested Antarctic bacteria are predominantly psychrotolerant was expected as they have been reported as more abundant in cold ecosystems than obligate psychrophiles (Helmke and Weyland 2004) , that occur probably in re− sponse to the wide temperature fluctuations in the Antarctic ecosystems. All tested strains were able to tolerate up to 10% NaCl in the growth medium and can be con− sidered moderately halotolerant. It could suggest that the halotolerance of micro− bial strains is due to permanent impact of high salinity sea water during formation of soil surface microcenoses in maritime Antarctica. It has been reported that salin− ity may be the major environmental determinant of microbial community structure rather than extremes of temperatures, pH, or other physical and chemical factors (Tamames et al. 2010) .
Enzyme activities pattern is a useful tool for assessing functional diversity of soil microbial communities, responsible for soil organic matter turnover in their natural habitats (Ferrer et al. 2007) . Antarctic bacteria have been reported to pro− duce a range of polymer degrading enzymes (Kumar et al. 2011; Loperena et al. 2012; Tropeano et al. 2012 ), but few studies on ribonuclease and phytase produc− tion by Antarctic bacteria have been reported (Reddy et al. 1994; Park and Cho 2011) . Detection of a variety of biopolymer−degrading enzymes produced by the tested Antarctic bacteria suggested their key role in the degradation of the organic matter in their natural environments. Our study revealed promising bacterial strains that could be a valuable source of industrially important cold active pro− teases, cellulases, xylanases, b−gucosidases, phytases. As the complete degrada− tion of cellulose requires the activity of diverse enzymes, isolation of cellulotic en− zymes active over a wide range of temperatures is highly desirable (Soares et al. 2012) . In this regard, cellulase and xylanase producing strains Vi−1, Vi−2, Vi−3, Vi−5 and Vi−7 would be of particular interest.
Of the tested strains, Vi−3 and Vi−4 were found to be multi−antibiotic resistant, and Vi−6 and Vi−7 -sensitive to all used antibiotics. Antibiotic−resistant bacteria are widespread in the environment, especially in aquatic habitats (Kümmerer 2009), and even in habitats that seem unlikely to have been exposed to anthropogenic antibiot− ics impact (Séveno et al. 2002) . Antibiotic resistance genes are often located on plasmids that are able to be horizontally transferred into diverse bacterial popula− tions contributing to the widespread dissemination of antibiotic resistance in the en− vironment (Davison 1999; Michaud et al. 2004) . Antibiotic−resistant bacteria have also detected in cold environments such as sandstones in McMurdo valley, Antarc− tica (Siebert et al. 1996) ; the Arctic permafrost subsoil in Siberia (Mindlin et al. 2008) ; near Palmer Station, Antarctica (Miller et al. 2009 ); West Antarctica King George Island (Wong et al. 2011) ; glacier environments in the Arctic, Antarctic, Central Asia, North and South America (Segawa et al. 2013) .
Although there are no currently acceptable concentrations of metal ions, which can be used for distinguishing metal−resistant and metal−sensitive bacteria, strains that were able to grow above 1.0 mM concentration of metal ions were considered resistant (Malik and Jaiswal 2000) . We found that all tested Antarctic strains are resistant towards Pb, Cu, Ni and Cr ions, five strains -to Zn ions, and two strainsto Co ions. Microorganisms have developed a variety of mechanisms to tolerate the presence of heavy metals in their habitats (Silver 1996; Bruins et al. 2000; Nies 2003; Spain and Alm 2003; Haferburg and Kothe 2007) . As suggested by Shruti et al. (2012) , varying response of the tested bacteria to the heavy metal ions might be due to the difference in their cell wall composition or to variations in the resistance mechanisms. Different resistance mechanisms developed in bacteria could serve as a basis for their use in bioremediation approaches (Filali et al. 2000; Malik 2004) . In this regard, Vi−2 and Vi−4 strains showing high resistance to most of the tested heavy metals are especially promising. High heavy metals resistance of these strains may suggest that they overproduce some multidrug resistance efflux pumps that are known to be involved in bacterial resistance to a wide range of toxic compounds (Pages et al. 2008) . Metal resistance of the studied Antarctic bacteria associated with their ability to produce hydrolytic enzymes makes them promising for application in bioremediation of heavy metals polluted sites. A model of mixed strains culture could be developed with potential for wastewater treatment in cold and temperate climates. Highly sensitive to Cd and Co ions Vi−1, Vi−5 and Vi−7 strains would be promising in developing biosensors to detect these most toxic heavy metals in environmental samples.
We detected plasmid DNA (four plasmid bands) only in Vi−4 strain. The resis− tance to heavy metals in bacteria is usually associated with plasmids, which also encode resistance to antibiotics, although a direct correlation between antibiotic resistance and heavy metals resistance of the strains tested in this study cannot be established. Clustered resistance genes are more likely to simultaneously pass to other bacteria in the environment (Filali et al. 2000; Lawrence 2000; Spain and Alm 2003) . Thus, in an environment with multiple stresses, for example antibiot− ics and heavy metals, it would be more beneficial to the survival of bacteria to ac− quire resistance to both stresses. Horizontal transfer of resistance genes between bacteria of different species and genera occurs easily and frequently in nature (Sil− ver 1996; Coral et al. 2005) . The presence of bacterial plasmids has also been re− ported for natural microbial communities of the marine ecosystem in Antarctica (Kobori et al. 1984; De Souza et al. 2006) .
In conclusion, the present work reveals promising psychrotolerant and halo− tolerant Antarctic bacteria with high multiple heavy metals resistance that could be used as producers of industrially important enzymes and in biological treatment of heavy metals contaminated wastewaters in cold and temperate climates. Further studies are underway to assess the potential of the isolated bacterial strains for their biotechnological applications.
